Background: Infectious salmon anemia virus (ISAV) is an aquatic orthomyxovirus and the causative agent of infectious salmon anemia (ISA), a disease of great importance in the Atlantic salmon farming industry. In vitro, ISAV infection causes cytophatic effect (CPE) in cell lines from Atlantic salmon, leading to rounding and finally detachment of the cells from the substratum. In this study, we investigated the mode of cell death during in vitro ISAV infection in different Atlantic salmon cell lines, using four ISAV strains causing different mortality in vivo.
Background
Infectious salmon anemia virus is an aquatic orthomyxovirus of the genus Isavirus [1] . ISAV is the causative agent of infectious salmon anemia (ISA), an emerging disease causing high mortalities and great economic losses in the Atlantic salmon (Salmo salar L.) farming industry. Large differences in disease severity and clinical signs are observed both in field outbreaks [2] [3] [4] [5] and experimental trials [6] [7] [8] [9] [10] [11] . Affected fish are often anemic; other typical findings are haemorrhagic liver necrosis, ascites and petechiae in the viscera [12] . The virus is reported to cause acute or protracted disease in fish in vivo [6] . Several strains of ISAV are known and categorized according to the highly polymorphic region of the hemagglutinin-esterase protein, and according to the ability of the virus to induce acute versus protracted disease in affected fish. Although much is known about the structure and genetics of the virus, less is known about the immune reactions induced by ISAV. In vitro, ISAV replicates and causes cytophatic effect. We wanted to investigate the mode of cell death and transcriptional changes after in vitro infection. We also wanted to compare stress responses induced by four different Norwegian strains of ISAV. It has previously been shown that the mechanism of cell death during ISAV infection is dependent on the cell type; that apoptosis is induced in CHSE-214 and SHK-1 cells, and that necrosis is the outcome after in vitro infection in TO cells, infected with Canadian isolates [13] .
Apoptosis is described as an ordered process of cellular demise and can play a role in the innate cellular responses to limit virus infection [14] . Influenza virus is reported to induce apoptosis in vivo and in vitro [15] [16] [17] [18] . Upon activation of the apoptosis machinery, cells undergo distinct morphological and biochemical changes, which include DNA fragmentation and condensation [19] , blebbing of the plasma membrane and exposure of phosphatidylserine on the cell surface, marking the cells for phagocytosis [20] , thus no inflammatory response is elicited. However, viruses have evolved mechanisms to manipulate the apoptotic machinery [21, 22] .
Apoptosis is an evolutionary conserved process, and many genes encoding homologues to annotated apoptosis proteins have been identified in fish [23, 24] . Caspases, a family of cysteine proteases, are central in the process. They consist of initiator caspases (caspase -8 and -9), that relay death signals to effector caspases (caspase -3, -6 and -7). Effector caspases cleave a range of proteins involved in cell structure and function. Effector caspases have been identified in Atlantic salmon [25] .
The mitochondria are central in the control of cell death, and numerous molecules involved in apoptosis are released from the mitochondrial intermembrane space and promotes apoptosis as a consequence of mitochondrial outer membrane permeabilization (MOMP). Mitochondria are often filamentous and arranged in a network, so called mitochondrial reticulum, in the cytoplasm. Being dynamic organelles, mitochondria can undergo fission and fusion, resulting in morphological changes [26] . Mitochondrial fission has been implicated in apoptosis [27] .
There are several studies on RNA viruses showing an inverse correlation between degree of apoptosis in vitro with pathogenicity in vivo [28] [29] [30] . The molecular mechanisms leading to cell death upon ISAV infection is currently not known. Recently, we compared the gene expression pattern in cells after infection with two highly virulent ISAV strains [31] . We have now included two additional low virulent isolates and compare the degree of apoptosis and gene regulation induced by these four strains of ISAV showing different pathogenicity in vivo [6] . A range of morphological and biochemical assays were undertaken in an attempt to elucidate the molecular mechanism of ISAV induced cell death. We also investigated stress responses in two other cell lines from Atlantic salmon, SHK-1 and TO cells. Staurosporine (SS), a protein kinase inhibitor was used as a positive control for apoptosis induction [32, 33] . In this study, we report both celland strain-dependent effects of ISAV on stress responses in cells from Atlantic salmon.
Results

Cell morphology and viral growth
When ASK cells were infected at MOI of 1, cytopathic effect (CPE), characterized by cell shrinking, rounding and detachment from the substratum, was evident from day 5. The detachment of cells increased during the course of infection, as observed in ASK cells by DIC microscopy (figure 1, right panel). The end-point of the study was day 9, when few of the ISAV infected cells were left in the wells. To assay mitochondrial morphology, ISAV infected cells were stained with mitotracker. From day 3 post infection, the infected cells displayed grain-like mitochondrial morphology, compared to a more thread-like morphology of the control (figure 1). This was also true for cells treated with 1 μM staurosporine (SS) for 24 h. The staining pattern was similar in both live and fixed cells. When viral titers in supernatant were quantitated at day 5 and end of experiment we found no significant differences between viral strains (not shown).
Cell viability
Cell viability was assayed in SHK-1, TO and ASK cells infected with ISAV 2, 4, 7 or 10 during the course of infection (days 1, 3, 5, 7 and 9) using the Cell Titer Blue assay. The results, shown in figure 2A-C, show that after 7 days of infection, there was a reduction in viable cells compared to mock. The reduction in the number of noninfected cells at the end of the experiment is probably due to high cell density. The viability of mock-infected cells was statistically significant from cells infected with the 4 virus isolates. With the exception of day 1 vs.9, and day 3 vs. 5, the viability was significantly different from day to day.
Caspase 3/7 activity
It is well established that induction of the main effector caspase, caspase 3, is induced upon apoptosis in cells [34] The presence of inducible caspase activity was verified by incubation of the cells with SS. This treatment increased caspase activity up to 100 fold (data not shown). To assay if an ISAV infection with a MOI of 1 would induce effector caspase activity, and whether there were cell type or strain specific differences, Caspase 3/7 activity was measured in SHK-1, TO and ASK cells infected with ISAV 2, 4, 7 or 10 during the course of infection (days 1, 3, 5, 7 and 9). When the three different cell types were infected with ISAV at an MOI of 1, there was a time and cell dependent increase in caspase activity (figure 3A-C). This increase was significantly higher in SHK than ASK cells, which was higher than TO. There were no significant effects of viral strain on caspase activity (figure 3).
Fragmentation of mitochondria in ISAV infected cells
Cell viability after ISAV infection
DNA laddering
As 200 bp fragmentation of DNA is considered a hallmark of apoptosis, DNA was isolated and run on a gel for detection of the characteristic laddering pattern. Infection in neither of the three cell types with ISAV 4 on days 3, 5 or 7 led to DNA laddering, while laddering occurred in cells treated with SS. Gel electrophoresis of SS, mock and day 5 p.i. in ASK cells is shown in figure 4 .
TUNEL
Staining with TUNEL showed that all cells in the positive control (cells treated with DNAse) were positive, as well as cells treated with SS were positive for TUNEL. In mock and ISAV infected cells 3 or 5 days p.i. there were very few TUNEL positive cells (~1%), as shown in figure 5 .
Phospholipid distribution
During apoptosis, membrane asymmetry can change, as phospholipids flip from the inside to the outside of the cell membrane. To assay whether these changes could be induced by in vitro ISAV infection in ASK cells, cells were stained with fluorescently labeled Annexin-V (AV) and costained with propidium iodide (PI). The cells were analyzed by flow cytometry and separated into four populations; viable cells, Annexin V positive cells, AV and PI positive cells and PI positive cells. A representative scatter of mock and ISAV infected cells is shown in figure 6a . The distribution of cells in each quadrant on days 4 and 5 p.i. from 3 experiments were subjected to two-way ANOVA analysis. Figure 6b shows the percentages in the quadrants with viable and AV+ PI positive cells ± SE, on days 4 and 5 p.i. ISAV infected cells showed a different distribution compared to the mock infected cells. A large proportion of the cells (80%) were characterized as viable. On day 5 p.i. there was a significant increase of double positive staining in infected cells (except for ISAV 10). There was no significant effect of viral strain. We also assayed PI uptake in the cells by fluorescence microscopy and found that adherent cells in the flasks, both infected and mock, did not take up PI. During flow cytometry, all nonadherent cells (mock and infected) were PI positive, whereas adherent cells, detached by trypsination did not take up PI (data not shown).
Plasma membrane integrity
While an intact plasma membrane is characteristic of apoptotic cells, disruption and leakage is characteristic for necrotic cells [35] . Membrane permeability was therefore also assayed in this study. YO-PRO-1 dye is a nucleic acid stain that can enter apoptotic cells [36] . During the course of infection, the amount of YO-PRO-1 positive cells in ASK cells increased. Very few cells were PI positive; however there was a slight increase in PI positive cells during the course of infection ( figure 7 ).
Real-time PCR
QPCR analysis of various genes previously demonstrated to be induced by ISAV [31, 37] and other infectious agents in salmon [38] [39] [40] , showed that all genes investigated were induced by at least one isolate (except for Transaldolase-1 which was down-regulated by all isolates). The genes that were differentially induced by viral strains were Inf-α, Mx-1, Galectin-9, Ciap, Hsp-70 and Ogf-1. Heat shock protein 70, was the only gene showing higher expression in cells infected with the low virulent strains ISAV 7 and 10, compared to cells infected with ISAV 2 and 4. We then tested if there were any correlation between in vivo mortality induced by the various strains [6] and in vitro gene expression (Pearson product moment correlation). There was no correlation between in vivo mortality and in vitro gene expression induced by the four strains. However, there was a strong positive correlation between the 3 interferon related genes Ifn-α, Mx-1 and Isg-15 expression in the 4 different groups of infected cells. A strong positive correlation was also found between the inflammatory markers p62, Il-1β and Cox-2 as shown in the scatter matrix in figure 8.
Discussion
Virally induced cell death is an important aspect of viral pathogenesis. The ways viruses manipulate cell death mechanisms induced in the host are numerous and complex [21, 22, 41] . Influenza virus is shown to induce apoptosis both in cell culture and in vivo [15] [16] [17] [18] . Also, several fish viruses induce apoptosis in host cells [42] [43] [44] . In this report we have employed multiple morphological and biochemical methods to assay several aspects of cell death in cultured cells from Atlantic salmon infected with ISAV. Both morphological and biochemical assays have been performed; addressing the effect of ISAV infection on cell viability, DNA fragmentation, plasma membrane alterations and permeability, mitochondrial morphology and caspase activity. To verify the different assays, staurosporine was used as an apoptosis inducing agent. In addition, transcriptional changes in cells infected with different ISAV isolates were investigated.
Both the extrinsic and intrinsic pathways of apoptosis can induce mitochondrial changes. The mitochondria are central to the cells energy metabolism and have been shown to be important in regulation of cell death. Mitochondrial structure is typically arranged as a reticulum. It is shown for several viruses that they interfere with mitochondrial functions; and that mitochondrial redistribution and morphological alterations can occur [45] . Irrespective of mechanism leading to cell death, mitochondrial morphology was altered, as shown by staining with mitotracker ( figure 1 ). This was evident 3 days p.i. with ISAV. The transition from a thread like to a grain like morphology might be due to increased fission or decreased fusion of mitochondria, or possibly a combination or the two. Mitochondrial fragmentation has also been reported as a response to Cytomegalovirus [46] , Herpes simplex virus infection [47] and after Rana grylio virus in fish cells [48] . The molecular mechanism and biological significance of this event in ISAV infected cells was not elucidated. We have previously shown that the level of reduced glutathione, GSH, decreases during the course of ISAV infection [31] . We can only speculate whether the observed phenomenon is due to ROS. Staurosporine, which has been shown to act via the mitochondrial pathway [49] , was used as an inducer of apoptosis in this model system. SS treatment also induced fragmentation of mitochondria in ASK cells (figure 1, lower panel), in agreement with previous reports using both mammalian and fish cells [50, 51] .
Caspase activity after ISAV infection
The mechanisms that regulate apoptosis are complicated. We observed that caspase 3/7 activity increased in all cell types after infection. However, there were differences between cell types with SHK-1 cells showing the highest increase. Although all three cell lines originate from the same tissue (head kidney), our data (caspase activity, met-abolic activity) suggests that these cells respond in a different way to ISAV infection, corroborating earlier findings [13] . For influenza virus it has been shown that caspase -3 activation was essential for virus propagation [52] . Joseph et al has previously reported that apoptosis after ISAV infection was caspase 3 dependent [13] . Efforts to discriminate between apoptosis through the extrinsic-(caspase-8 dependent) or intrinsic pathways (caspase-9 dependent) by analysis of these enzymes did not lead to TUNEL staining of ISAV infected cells any conclusions, due to high background activity in noninfected cells. Efforts to immunodetect apoptosis-inducing factor (AIF) (immunofluorescent staining) and PARP cleavage (western blotting), were also unsuccessful due to non-specific antibodies. The events leading to caspase 3/7 activation and the downstream effects are yet to be elucidated.
DNA laddering after ISAV infection
Exposure of phosphatidsylserine in ISAV infected cells
Internucleosomal DNA degradation, resulting in DNA "laddering" when separated on an agarose gel, is a hallmark of apoptosis. In this in vitro model, DNA laddering could be induced by SS treatment, but was not apparent in any of the three cell lines infected with ISAV 4. This is in contrast with previous results [13] where laddering was detected in SHK-1 cells infected with a different strain at a higher dose. This difference could therefore be strain-or dose dependent. In a report by Malatova et al [53] , it was shown that DNA fragmentation in less than 5% of the cells is difficult to detect. To assay DNA fragmentation after ISAV infection by microscopy, TUNEL staining was also performed. The results showed that there were equal numbers of TUNEL positive cells among the mock and ISAV infected (~1%). This might be due to the fact that the TUNEL positive cells detach from the substratum due to CPE and are lost from the assay during washing. Clearance of damaged or potentially harmful cells, e.g. virus infected, is important to avoid inflammation. During apoptosis, alterations of the plasma membrane phospholipid distribution marks cells for uptake by phagocytosis [20, 54] . Using FACS analysis of mock and ISAV infected cells labelled with Annexin V, we compared the effect of viral strains on this parameter in ASK cells. As PS translocation also occurs during necrosis, co-staining with a nucleic acid stain is necessary to determine at what stage of apoptosis the cells are in. The results showed that most cells were viable (80%). The least virulent strain (ISAV 10) caused the lowest mortality. Based on the staining pattern observed by flow cytometry, the cell population positive for AV could be characterized as late apoptotic or necrotic. However, also a proportion of the mock-infected cells were PI positive after staining. This was in contrast to adherent cells that were completely PI negative. When adherent cells were stained with PI and examined by microscopy, both ISAV and mock-infected cells were PI negative. YO-PRO-1, a nucleic acid dye reported to stain apoptotic cells [36] , showed progressively more YO-PRO-1 positive cells in the ISAV infected cells over time, thus a clear change in the membrane permeability. Also SS treated cells were YO-PRO-1 positive. Nevertheless, the PI dye was excluded. As apoptotic cells are efficiently phagocytized in vivo, no inflammatory response is elicited. In vitro, where no phagocytic cells are present, cells ultimately swell and lyse, in a process termed "secondary necrosis", where cells are both AV and PI positive. The fact that uninfected cells also become PI positive in the flow analysis may be due to permeability caused by some reagent in the AV staining kit, as we did not observe PI positive cells in adherent mock-infected cells. Cells that had detached from the substratum due to high cell density in the flasks might also account for the PI positive mock cells.
Cell membrane integrity after ISAV infection
Correlation between genes upregulated in QPCR after ISAV infection
Previous studies trying to link viral strain virulence to changes in gene expression of immune-and stress-related genes have shown divergent results [55] [56] [57] . When mice were infected with different strains of influenza, there was a good correlation between virulence and immune gene up-regulation in lung tissue [55] . Pathway analysis of expression changes revealed that cell death-, interferonand Toll receptor-pathways were most strongly up-regulated by the most virulent influenza strain. However, other studies comparing wild type and attenuated strains of yellow fever virus [57] and rabies virus [28] have shown that the attenuated strain was a stronger inducer of innate immune genes and responses like apoptosis in vitro. The only transcript coming close to being correlated (r = -0,86) with mortality in this investigation was HSP 70. However, genes in common pathways were strongly correlated. In a previous report, we found that genes in the antioxidantresponsive element pathway regulated by Nrf2 were significantly activated by ISAV infection in vitro [31] . The main difference between the strains is in the HPR region of the HE protein, except for ISAV 4 and 7 which share the same HPR (but have 33 other variant amino acids) [58] . In a recent report, virulence was mainly correlated with HPR sequence and a Q/H to L substitution in position 266 of the fusion protein (segment 5) [58] . However, there were also amino acid differences in the polymerase subunits, nucleoprotein, matrix protein, both segment 7 OFR's and segment 8 ORF 2 protein of high and low virulent strains.
Conclusion
Our study has focused on trying to elucidate the mode of cell death in ISAV infected cells. In this model system some assays showed a clear response to apoptosis and stress (caspase 3/7 activity, mitochondrial morphology, uptake of YO-PRO-1 dye, induction of IFN responsive genes), while other assays did not show classic apoptosis responses (DNA laddering, TUNEL, phospholipid distributon). Some responses were cell type specific (caspase 3/7 activity), while other responses were dependent on virus strain (transcriptional responses, phospholipid distributon). It would be interesting to further elucidate the molecular mechanisms of ISAV induced cell death in cells from Atlantic salmon, and also to compare it with the in vivo situation. Nevertheless, these results represent a contribution to further define this in vitro model system for ISAV infection. 
Methods
Cell culture and virus
Cell lines from Atlantic salmon (SHK-1, TO and ASK) were maintained in L-15 medium (Leibovitz, Verviers, Belgium), supplemented with 5% (SHK-1 and TO) or 10% (ASK) FCS, 4 mM L-glutamine, 50 μg ml -1 gentamicin sulphate and 40 μM β-mercaptoethanol and were cultured at 20°C. After ISAV infection, the cells were cultured at 15°C. ISAV isolates, named ISAV 2, 4,7 and 10 by Mjaaland et al. [6] were kindly provided by Birgit Dannevig, National Veterinary Institute, Oslo, Norway. When injected into salmon, ISAV 2 and 4 results in high mortality (75 and 67,5% respectively, whereas 7 and 10 display low mortality (7,5 and 6,6% respectively) [6] . For virus production, ASK cells were inoculated with a 1:50 dilution of the isolates at 15°C, and the virus was allowed to adsorb for 4 hours, before cell culture media with 5% serum was added. Supernatants from the cell flasks were collected after 14 days, cleared by centrifugation at 4000 × g for 20 min., aliquoted and frozen at -80°C. For in vitro infection of cells, cells were seeded in either 96-or 6-well dishes, or 25 cm 2 flasks and grown for 48 hours. Aliquots of the ISAV isolates were thawed in ice water and diluted in serum free L-15 to achieve a MOI (multiplicity of infection) of 1 based on TCID 50 values obtained by titration as described in [3] . For infection, cells (1.7 × 10 4 cells/cm 2 , passages 40-50) were seeded in 25-cm 2 flasks and grown in L-15+ medium (Cambrex Bio Sciences, Verviers, Belgium) supplemented with 50 μg ml -1 of gentamicin, 4 mM l-glutamine, 40 μM β-mercaptoethanol, and 10% fetal calf serum for 24 hours at 15°C, then washed four times with serum-free medium and inoculated with ISAV (MOI = 1) for 4 hours (15°C). Cells were harvested at days 1, 3, 5, 7, and 9 post-infection (cytopathogenic effect [CPE] occurred at day 10) and mock-infected controls at days 1, 5, and 9 days post-infection Virus titers in supernatants from ASK cells infected with ISAV 4 on day 5 p.i were determined by end-point titration in ASK cells described in [6] . 
Viability assay
Caspase activity assay
Caspase 3 and 7 activity was measured in the three cell lines using the Caspase-Glo 3/7 assay kit (Promega, Madison, WI, USA) according to the manufacturer's protocol. Briefly, Caspase-Glo 3/7 reagent was added to the wells directly after viability measurement. The plate was shaken for 30 seconds before measurement of caspase activity every 20 min for 6 h using luminescence settings in the Victor 3 plate counter. The slope for each well was calculated and the mean value ± SE was plotted.
DNA laddering assay
To detect 200 base pair (bp) DNA fragmentation, DNA was isolated from floating and adherent SS (1 μg 24 h), mock or ISAV infected (ISAV 4) SHK-1, TO or ASK cells on days 3, 5 and 7 p.i., using the Apoptotic DNA-Ladder Kit (Roche Diagnostics GmbH, Mannheim, Germany). A positive control for laddering was included in the kit. 2 μg of isolated DNA was electrophoresed on a 1% agarose gel.
TUNEL staining
To detect endonuclease cleavage of DNA, TUNEL (Terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling) staining was performed in ASK cells using the In Situ Cell Death Detection Kit, Fluorescein (Roche Diagnostics GmbH, Mannheim, Germany). 1.5 × 10 5 cells were seeded on glass coverslips in 6-well plates. SS treated (0.5/1/10 μM) for 24 or 48 h, DMSO, mock or ISAV infected (isolate 2, 4, 7 and 10) cells were washed with PBS and fixed in 4% paraformaldehyde on days 3, 5 and 7 p.i. TUNEL staining was performed according to the manufacturer's instructions. The coverslips were mounted using ProLong Gold antifade reagent with DAPI (Invitrogen, molecular Probes, Eugene, OR, USA)
Flow cytometry ASK cells (4 × 10 5 ) were mock or ISAV infected (isolate 2, 4, 7 and 10) in 25 cm 2 flasks for 5 days. To investigate phospatidylserine exposure on the plasma membrane, media containing detached cells was decanted into 15 ml falcon tubes. Adherent cells were washed twice with ice cold PBS and trypsin-EDTA (Invitrogen, Carlsbad, CA, USA) was added. The trypsinized cells and media containing detached cells were pooled and pelleted by centrifugation. The staining with Annexin V-FITC was performed according to the manufacturer's instructions, using the rapid protocol in the Annexin V-FITC Apoptosis Detection Kit (Merck, La Jolla, CA, USA). Propidium iodide (PI) was added to the tubes shortly before examination by flow cytometry. The cells were analyzed on a Becton Dickinson FACS Calibur™ flow cytometer.
Cell membrane integrity assay
With the same conditions as for the flow cytometry assay, but including days 1, 3, 5, 7 and 9, membrane integrity was assayed in ISAV 4 infected cells by adding the nuclear
